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At its simplest, body size in
multicellular organisms is
determined by two factors: the
duration of growth and the rate of
growth. In insects, however, each
of these two factors has
historically been studied by a
different school of biology.
Mechanisms controlling the
duration of growth have been
studied principally by
physiologists; but mechanisms
controlling the rate of growth have
been elucidated largely by
geneticists. Perhaps because of
this, it is unclear how, or even if,
these two factors interact. Now,
important research by Caldwell et
al. [1] and Mirth et al. [2] reported
in this issue of Current Biology,
and Colombani et al. [3] in
Science, begins to show how the
genetic and physiological controls
of body size are related. Their
studies show that the activity of
the insulin-signaling pathway in
the prothoracic gland modulates
ecdysone release and influences
both the duration and rate of larval
growth.
The duration of growth in
insects is controlled by fluctuating
levels of hormones [4].
Holometabolous insects, such as
Drosophila, molt through a series
of larval instars before entering a
pupal stage, undergoing
metamorphosis and emerging as
an adult. The larval–pupal
transition is initiated by the larvae
reaching a ‘critical size’ in its final
instar. By an unknown
mechanism, attainment of critical
size causes levels of juvenile
hormone to fall. This allows
prothoracicotropic hormone to be
released, which stimulates the
prothoracic gland to release
ecdysone. It is the subsequent
rise in ecdysone levels that
triggers metamorphosis. Body
growth is restricted to the larval
instars and so adult size is fixed at
the larval–pupal transition.
The rate of growth in insects is
controlled largely by the insulin-
signaling pathway [5]. In
Drosophila, insulin-like peptides
bind to the insulin receptor and
activate a signal transduction
cascade that regulates the rate of
cell growth and division. This
cascade includes such enzymes
as phosphatidyl inositol 3-kinase
(PI 3-kinase, dp110 in Drosophila),
Akt and the ‘target of rapamycin’
(TOR). Activation of this pathway
within a particular tissue promotes
autonomous growth, whilst non-
autonomous growth is regulated
by circulating insulin-like peptides.
Recent studies have shown that
this pathway is crucial in
coordinating growth with
nutritional conditions, not only in
Drosophila but in metazoans in
general.
Ecdysone, Insulin and the
Duration of Larval Growth
The critical size is a key
determinant of the final adult size,
as it ultimately specifies when a
larva stops growing and begins
metamorphosis. Almost nothing is
known of how the critical size is
measured in Drosophila, or how
its attainment initiates
metamorphosis. It is known that
suppression of the insulin-
signaling pathway delays
attainment of critical size, but
does not affect the critical size
itself [6]. 
One hypothesis, therefore, is that
critical size is monitored by some
size-assessing organ that grows in
response to the insulin-signaling
pathway. The organ then initiates
metamorphosis when it reaches a
certain size. If this were correct,
stimulating the insulin-signaling
pathway in this organ alone should
accelerate the organ’s growth and
cause it to initiate metamorphosis
prematurely. Because the rest of
the body is growing at a normal
rate, metamorphosis would
therefore be initiated in undersized
larvae producing small adults.
Both Mirth et al. [2] and
Caldwell et al. [1] found that up-
regulating PI 3-kinase in the
prothoracic gland accelerates its
growth and is sufficient to
promote early metamorphosis,
shortening the larval growth
period and reducing adult size.
Measurement of ecdysone levels
revealed that precocious
ecdysone release is responsible
for these effects. Conversely,
retarding the growth of the
prothoracic gland by expressing
either dominant negative PI 3-
kinase or PTEN, a phosphatase
suppressor of the insulin-signaling
pathway, has the opposite effect,
delaying ecdysone release,
lengthening the larval growth
period and increasing adult size.
These data therefore suggest that
the prothoracic gland is the
putative critical size organ, and
that it initiates metamorphosis
when it alone, rather than the rest
of the body, has grown to a
certain size.
As is often the case, however,
the story is somewhat more
complicated. In addition to
altering the size of the prothoracic
gland by manipulating PI 3-kinase,
Caldwell et al. [1] also up-
regulated and down-regulated the
Ras–Raf–Erk pathway. This
pathway is involved in an array of
processes, such as cell
proliferation, differentiation and
apoptosis, and has a complex
relationship with the insulin-
signaling pathway; it is partially
regulated by the insulin receptor
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and there appears to be
considerable cross-talk between
Ras/Raf/Erk and PI
3-kinase/Akt [7]. 
Caldwell et al. [1] found that
over-expression of Raf in the
prothoracic gland, like that of PI
3-kinase, also initiates premature
metamorphosis and reduces final
adult size, whilst suppression of
Raf has the opposite effect. These
phenotypic effects are, however,
achieved without any increase or
decrease in growth of the
prothoracic gland, suggesting that
the initiation of metamorphosis by
ecdysone is not simply dependent
on the size of the prothoracic
gland. 
Other evidence supports this
hypothesis. Changing growth of
the prothoracic gland using the
growth regulators dMyc or
cyclinD–Cdk4 was found to have
no effect on adult body size [3].
Furthermore, mutations in DHR4,
a gene that is expressed in the
prothoracic gland and that
represses ecdysone-response
genes there, also induce
premature metamorphosis and a
reduction in adult size, apparently
without influencing prothoracic
gland growth [8].
There are several possible
interpretations of these data. One
possibility is that ecdysone
release is regulated in two ways,
firstly through insulin-dependent
growth of the prothoracic gland
and secondly through a Raf-
dependent step which, along
with DH4R, affects ecdysone
synthesis directly. Alternatively,
insulin-dependent growth of the
prothoracic gland may be
unimportant. There is evidence
that PI 3-kinase regulates
downstream components of the
Ras–Raf–Erk pathway in
vertebrates [9]. Expression of PI
3-kinase in the prothoracic gland
may therefore regulate the same
downstream effectors as
expression of Raf, whilst
coincidentally promoting growth.
The notion that Raf and PI
3-kinase are directly involved in
ecdysone synthesis is appealing.
Both are regulated by insulin-like
peptides, which have been
shown to have
prothoracicotropic activity in
moths [10] and which can initiate
ecdysone production in the
ovaries of mosquitoes [11].
It is not known whether the
manipulations by Mirth et al. [2]
and Caldwell et al. [1] stimulate
the changes in either juvenile
hormone or prothoracicotropic
hormone that normally precede
the release of ecdysone. The
manipulations may side-step the
upstream regulatory mechanisms
that typically control the timing of
metamorphosis by influencing
ecdysone synthesis directly. At
least one regulatory mechanism
appears to be being
circumscribed by the
manipulations: under-developed
or continuously growing imaginal
discs (developing adult
appendages) can inhibit ecdysone
release and delay metamorphosis
[12]. This does not appear to be
the case in larvae in which PI 3-
kinase or Raf is upregulated in the
prothoracic gland. There remains
the possibility, therefore, that
there are other critical size organs
also responsible for regulating the
timing of metamorphosis but
which lie upstream of the
prothoracic gland.
Ecdysone, Insulin and the Rate of
Larval Growth
Surprisingly, manipulations of the
prothoracic gland were also found
to affect the rate of growth in
developing larvae. Larvae in which
either Raf or PI 3-kinase is up-
regulated in the prothoracic gland
show a significant decrease in
their rate of growth during the
third larval instar [1–3]. This
growth suppression is, however,
rescued by nutritionally
supplementing the diet of
developing larvae, at least when
PI 3-kinase is expressed in the
prothoracic gland [2]. In contrast,
down-regulation of PI 3-kinase in
the prothoracic gland suppresses
larval growth [3].
How might expressing Raf or
PI3 kinase in the prothoracic
gland influence overall growth
rate? It appears that driving PI 3-
kinase or Raf expression in the
prothoracic gland not only
accelerates the peak of ecdysone
that initiates metamorphosis, but
also raises basal levels of
ecdysone [3]. Recent work has
shown that ecdysone
down-regulates PI 3-kinase
signaling in the fat body [13]. The
fat body functions as a nutrient
sensor and is involved in the
coordination of organismal
growth. Importantly, amino acid
starvation of the fat body alone
not only causes a slight decrease
in PI 3-kinase activity there, but
also shuts down PI 3-kinase
activity in other tissues and
reduces larval growth, through an
unknown humoral mechanism
[14]. Ecdysone-mediated
suppression of the PI3 kinase
signaling in the fat body may
therefore have a similar effect.
Evidence reported by
Colombani et al. [3] suggests that
this is the case. They found that
ecdysone-fed larvae show a
decrease in PI 3-kinase activity in
their fat body; inhibiting the
effects of ecdsyone on the fat
body, by silencing the ecdysone
receptor there, removes these
effects and leads to an increase in
larval growth rate. The possibility
remains, however, that ecdysone
also acts directly on developing
tissues and regulates their PI 3-
kinase activity independent of the
fat body.
The effect of increased
ecdysone release on a larva’s
growth rate appears to be
countered by enhancing the
nutrient content of its diet [2].
Increased nutrition up-regulates
the insulin-signaling pathway,
both cell autonomously and via
the nutrient-dependent release of
insulin-like peptides. Further, the
ecdysone suppression of growth
rate is lost in dFOXO mutants [3].
dFOXO is a negative growth
regulator itself inhibited by PI 3-
kinase, so dFOXO mutants
effectively have constitutively
activated insulin signaling.
Ecdysone and insulin appear,
therefore, to counteract each
other’s effects on growth in
Drosophila larvae [3].
Unifying Physiological and
Genetic Regulators of Body Size
These new studies [1–3] provide
important insights into the
mechanisms regulating body size
in insects, and in metazoans in
general. Of course, they also
raise many questions.
Nevertheless, such research
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Decades of effort aimed at
understanding the molecular
mechanisms that guide
development has uncovered not
only the genetic programs
involved but also the important
role played by epigenetic factors.
The difficulties encountered by
those trying to clone mammals
have underscored the importance
of the epigenetic programming of
the differentiating genome, and
highlighted our incomplete
knowledge of the underlying
processes. 
A question that has been little
explored is whether mechanisms
exist that can directly transmit the
epigenetic programs of the
maternal and paternal genomes to
the unprogrammed genome of
developing offspring. In a recent
issue of Current Biology, Nowacki
et al. [1] report the discovery of
putative RNA-binding proteins
from Paramecium tetraurelia that
facilitate trans-nuclear crosstalk
between the maternal and
developing somatic genomes, and
regulate the massive,
programmed DNA rearrangements
that the latter undergoes. When it
comes to organizing the genome,
developing paramecia know to
listen to their mother.
Ciliates such as Paramecium
have an unusual genetic life-style
[2]. These single-celled protozoa
maintain two separate sets of DNA.
The germline set is found in the
micronucleus, which serves as the
repository of genetic information
for each new sexual generation.
The somatic genome is housed
within the macronucleus, which is
the site of all vegetative gene
expression and thus determines a
cell’s phenotype. During the
differentiation of these two nuclei,
extensive DNA rearrangements
remodel the developing somatic
genome while leaving the new
germline micronuclear genome
intact (Figure 1). These
developmentally programmed DNA
rearrangements precisely eliminate
tens of thousands of short
germline-limited segments and
variably excise transposon
sequences.
Tracy Sonneborn developed
Paramecium as a genetic model in
the mid 1900s and documented
some of the first examples of non-
Mendelian inheritance. While some
such inheritance patterns were
shown to be due to organelle-
encoded traits, the inheritance of
others, such as the specification of
mating-type, remained a mystery
[3]. Paramecia come in two mating
types, O and E, which must be
reestablished during each sexual
generation. In an O x E cross, the
progeny cells that develop from
the O partner express type O
information and conversely those
from the E cell express type E,
despite both differentiating from
identical zygotic genomes. Could
maternally guided DNA
rearrangements determine mating
begins the essential process of
unifying our genetic and
physiological understanding of
growth and development. Only
through such integration will we
understand why flies are the size
that they are, and why we are the
size that we are.
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Genome Rearrangements: Mother
Knows Best!
In Paramecium, developmentally programmed genome rearrangements
can be altered by the presence of homologous sequences within the
maternal somatic nucleus. Newly identified RNA-binding proteins
appear to mediate the transfer of homologous sequence information
from the maternal to the developing somatic nucleus, facilitating
epigenetic regulation of this large-scale genome reorganization.
